Abstract. Intensification of work processes of agricultural machinery is a part of important national economic problems of increase of agricultural production. One way to increase intensity is to reduce grain loss when working with combine harvesters on slopes of fields. In the lateral pitch of the harvester there is redistribution of the grain heap on the screen width and cleaning sieves. The diagram of linear distribution density of the grain heap on the screen width and cleaning sieves is transformed from a uniform type of rectangle to irregular: the type of triangle, trapeze without a shift or with a shift in the direction of the pitch. We have large losses of grain, because of the uneven linear distribution density of the grain heap on the screen width and sieves. The article offers various methods and devices, which have certain advantages and disadvantages, to reduce grain loss. One of the promising directions to reduce grain loss is the dynamic method, which uses a specific device as a set of hinged-lever units. However, one of the major drawbacks of these devices is the equality of oscillation frequency of the longitudinal and lateral pitch. The adopted working hypothesis and studies of the process kinematics and dynamics will define the main structural and technological parameters of the cam mechanism to align the linear distribution density of the grain heap on the screen width and sieves.
Introduction
The efficiency of combine harvesters mostly depends on the field topography. The combine productivity decreases due to uneven loading of the cleaning system, when working on slopes greater than 2º. Thus, on a slope of 5º, the combine harvester loses up to 3.5 % of grain, and the cleaning system accounts for about 60 % of all losses. The combine productivity reduces so that to reduce the loss of grain when working on slopes. If on a plain the combine productivity is taken equal to 100 %, then on a slope of 5º it decreases to 83 %, and on a slope of 9º -to 63 % [1] .
Intensification of the working process of agricultural machinery is part of the important issue of increasing crop production. The existing theories of agricultural machines and, in general, agricultural mechanics use various models (mental and physical) with a certain degree of idealization of the actual operating conditions for various tasks, associated with creation and improvement of agricultural machinery [1;2] .
An important indicator that characterizes the workflow of agricultural machinery is the intensity Int (from Latin "Intense") of material movement of dimension kg·s -1 ·m -2 [3] .
One of the ways of intensification of the work processes of combine harvesters is to reduce losses, occurring in the course of work, such as cleaning the combine at its pitches. The research on the assessment and prediction of the total losses of grain, according to the various settings using the regression analysis and neuro-fuzzy model, showed a high determination coefficient, which is considerably exceeding the values obtained by other methods [4] . The possibilities of increment of grain harvester efficiency by the example of corn harvesting was studied [5] . A model of workflow dynamics with curves of the grain selection intensity on the length of the working unit was designed, which allows to determine the parameters to reduce grain losses during harvesting with combines [6] . The impact of technological and kinematic parameters during the passage of the cut grain mass through the working units of the combine to reduce losses and their minimization were studied [7] .
Automatic leveling of the combine with pitch by turning the final drive of the running gear [8] , using the hinge four-units on the drive bridge of wheels and the hydraulic cylinders on the guiding bridge of wheels is described [9] .
Alignment of the screen, cleaning sieve into a horizontal position in the lateral pitch is done using a gyroscope, hydraulic cylinder, hinge double-crank arm [10] , or by using a gyroscope, hydraulic cylinder, hinged-lever mechanism [11] . The bottom of the screen is divided longitudinally into five parts, each of which rests on a hinge, mounted on the frame of screen. In the lateral pitch all five parts of the bottom take a horizontal position at the same time [12;13] .
Automatic alignment of the thickness of the grain heap layer in the lateral pitch of the combine by the dynamic method is performed by a hinged-lever [14] , crank arm device [15] .
To increase the capacity of the grain heap, there are researches on improving the design of the airsieve cleanings, as well as devices that improve their work. By separation of the air flow, generated by the fan, the top stream blows the heap layer on the output from the screen, the second stream blows the heap layers of the top and bottom sieves [16] .
One of the promising directions of alignment of distribution density of the grain heap at cleaning is the dynamic method and devices, providing a joint lateral movement of the grain heap with screen cleaning up the roll and sliding screen with respect to the grain heap when driving down the roll.
The purpose of the study is theoretical determination of the main structural and technological parameters of the cam gear of the combine cleaning system for leveling the density of the linear distribution of the grain heap across the width of the riddle and the screens, as well as analyzing the kinematics and dynamics of the process.
Materials and methods
Physical and mechanical properties of the grain heap parameters are threshing, separation mechanism and cleaning.
The displacement of the diagram of linear density distribution between the combs of the screen occurred in the lateral pitch of the combine harvester, to the left or right, in fall of the heap particles from the concave of the threshing machine on the screen of cleaning. It is more convenient to use the following formula with of the mass traffic intensity through the working units of combine harvesters:
where q -supply (consumption), kg·s -1 ;
S -cross-sectional area of the moving mass, m 2 .
As it can be seen from the formula, the intensity of the work process affects the parameters: supply of mass q and the cross sectional area of the moving mass S. Increase in the intensity of the work process can be achieved by increasing the numerator of the formula, or reducing the denominator. The dependence of the moving mass intensity on the supply (consumption) with a constant cross-sectional area of the moving mass is straight (see Figure 1) . It is the equation of line of the following form:
where kq -slope of intensity of the moving mass, kq = 1/S. The dependence of the I move intensity on the cross-sectional area S of the moving mass (see Fig. 1 ) is hyperbolic -it is the equation of the form:
where kS -constant intensity factor. The numerical values of the mass moving intensity through the working units of cleaning of combine harvesters [2] with the reaper width of 6 m, productivity of grain 0.4 kg·m -2 , grain weight ratio to the weight of the straw 1:1.5, operating speed of 2 m·s -1 , to loading of grain q g = 4 kg·s -1 vary widely: from 0.174 Int on the separation of grain through the straw walker up to the 1076 Int on the delivery screw conveyer.
The intensity of grain separation through the concave of the threshing machine and through the straw walker differs by 12 times, and the mass moving intensity through the straw chopper is 2 times higher than the cutting apparatus of higher reapers. The grain mass moving intensity is 1.4 times higher at the outlet of the threshing apparatus than at its inlet.
During the lateral pitch the diagram of linear density distribution and displacement ∆i of higher grain heap in higher width between combs of higher screen toward the lateral pitch (see Figure 2 ) was changed because of falling grain heap components from different heights of the deck: from a maximum height of the deck H max to the value of ∆2, from a lower deck height to H min -to ∆1. There is also a shift of ∆i diagram of linear distribution density across the width of a possible grain heap screen because of the H gr height of a possible screen comb. As a result, we have a nonuniform thickness of H slv of a possible grain heap on the screen width.
As formation of diagrams of the linear distribution density of possible grain heaps in width between screen combs of cleaning is random, so the concrete diagram (see Figure 2 ) may be of one of several possible options for distribution of possible types: A, B, C or D. In the way of diagram distribution of C type the pressure of the air flow from the bottom at an angle up on possible grain heap will be uneven, as the most of the air flow rushes toward the lower resistance, i.e. there, where there is a less thickness of the grain heap.
Primarily two factors influence on the parameters of the linear distribution density: the type of the distribution diagram and the amount of displacement of distribution diagrams from the base of the ridge in the fall of heap particles from the concave of the threshing machine on the cleaning screen. Removal of the diagram from the base of the ridge depends on the height of incidence and angle of heel, and is as follows: when a fall is a height of H max = 0.5 m, the offset is ∆i = 0.5 tg100 = 0.0881 m, or about 30 % of the distance between the combs b, when a fall is a height H min = 0.1 m, the offset is ∆i = 0.1 tg100 = 0.0176 m -it is about 7 % of the distance between the combs. These examples show that the displacement of distribution diagrams from the base of the comb falling point substantially depends on the pitch of the combine and requires quantitative assessment of the unevenness of the linear distribution density of the grain heap across the width of the screen. When A-type distribution has h average = 10 mm; σ = ± 0.00 mm; the coefficient of variation (unevenness) is v = ± 0.00 %. At Btype distribution the unevenness of the grain heap distribution across the width of the screen depends on the heap layer thickness of the left and right combs. In the absence of removal, i.e. ∆ = 0, and in the change of the layer thickness ratio of the grain heap of the left comb to the thickness of the right comb from 1.0 to 0.1, the unevenness of distribution increases from v = ± 0.00 % to v = ± 39.97 %. The C-type distribution has the following parameters of the grain heap distribution across the width of the screen: h average = 10.0 mm, σ = ± 3.99 mm, v = ± 39.97 %. The parameters of the D-type linear distribution density of the grain heap at displacement ∆ = 4 cm are the following: value h average = 9.913 mm, σ = ± 6.895 mm, v = ± 69.5 %. The parameters of the grain heap distribution across the width of the screen of the D-type distribution depend on the magnitude of the displacement ∆ of the density diagram distribution from the screen comb. In the above examples the coefficient of variation has changed the values from v = ± 67.50 % to v = ± 119.57 %.
Results and discussion
The power analysis was used to equalize the distribution density of the grain heap in cleaning, which was based on the laws of agricultural mechanics, including the mechanics laws of Newton.
The particle of heap, located on the screen at rolling of the combine on a cross-vertical area, is acted by the following forces: gravity G = mg, inertia PJ = mj, friction F = NG·f = NG·tgφ, the normal reaction of screen. NG = Gn is the tangential component of gravity GT = G sinα. The analysis of operating forces on a particle on rolling is made without forces acting on a longitudinal vertical area, because their projection on a cross-vertical surface is equal to zero.
The working hypothesis. It is necessary to keep at least two conditions for leveling the distribution density of the grain heap layer in cleaning on the combine rolling: the joint motion of the heap with a screen while roll driving up and glide of the heap up relative to the sieve while roll driving the sieve down.
The satisfaction of the first condition of the working hypothesis about the joint motion of the heap with a screen while roll driving up (see Figure 3) is expressed by the dependence:
where F -frictional force of an element on the surface of the screen, N; GT -tangential component of gravity of the element, N; P -force of inertia of the element, N. Satisfaction of the second condition of the working hypothesis about slipping the sieve down regarding the heap, when roll driving of the sieve down is represented by the formula:
The analysis of the formulas follows that the crucial force of leveling in the mentioned interaction is the force of inertia, the numerical value of which depends on the element's mass and acceleration. After substituting in the formula the meanings and transformations, we obtain new matters of joint motion of the heap with a screen while roll driving up and sliding down the screen relative to the heap, when roll driving a sieve down, expressed by critical values of the lateral acceleration of the sieve up and down in the way of roll. The critical values of lateral acceleration of the screen up for roll harvesting different crops:
where j cr u -critical value of lateral acceleration of the screen up on the roll, m·s -2 ; g -earth gravity acceleration, m·s -2 ; α -angle of the lateral pitch, 0; φ -dynamic friction angle of grain on the surface of the sieve, 0. and down:
where j cr d -critical value lateral acceleration of the screen down on the roll, m·s -2 .
An indication of the kinematic mode of equalizer is the ratio of the critical value of lateral acceleration of the screen down on rolling to the critical value of lateral acceleration of the screen on rolling:
where ε -index of kinematic mode of equalizer; t d -time of lateral movement of the screen down on roll, s; t u -time of lateral movement of the screen up on roll, s.
We come to the following formulation from the analysis of critical values of lateral acceleration of the screen, sieve: first, the rolling motion of the screen, sieve up from one extreme position to the other occurs at a constant value of acceleration on the linear dependence; secondly, the numerical values of the velocity vectors vary from zero to a maximum for the linear dependence. The rolling motion of the screen, sieve down from one extreme position to the other occurs at a constant value of acceleration on the linear dependence; secondly, the numerical values of the velocity vectors vary from zero to a maximum for the linear dependence.
On average, the angle of steel friction of cereal crops is about φ = 18...30º. The maximum value of an angle side roll of the combine to equalize the thickness of the grain heap layer is limited by the maximum values of the friction angle of seeds; otherwise there will be a spontaneous slide down roll of the material.
Density parameters of grain heap distribution across the width
The density parameters of the grain heap distribution across the width of the screen, sieve of the combine harvester are: the arithmetic mean of the thickness h average , the standard deviation σ, the unevenness of the distribution density across the width v. Some examples of calculations for the distributions of A, B, C and D type are presented in Table 1 for comparison. Table 1 shows that the unevenness of distribution of the grain heap particles across the width of the shook board of cleaning on the roll of the combine increased from 0 % to 119 %. The devices for leveling the linear distribution density of the grain heap on screen cleaning at the roll of the harvester.
A variety of methods and devices are offered for aligning the linear distribution density of the grain heap on screen cleaning at the roll of the harvester. The most interesting of these is the dynamic method for compensating of the combines' roll [14] , the principle of operation of which is concluded in additional oscillatory motions of sieves, directed to the top of the slope. The power and direction of the oscillatory motions depend on the steepness of the slope and position of the combine.
The analysis of the forces, operating on the particle and modes of operation of sieves of the mentioned systems, follows that because of the relatively small values of the kinematic mode of equalizer close to 1.20, they are useful for smoothing the distribution density of the grain heap across the width of the screen and cleaning for small values of lateral roll of the harvester (2...3 %).
The observance of two conditions, namely: joint motion of the heap with a screen while roll driving up and slide the sieve down with respect to the heap when driving the sieve down at the roll more than 3 % provides a cam equalized of the grain heap distribution density [15] . The cam profile allows to get the necessary laws (diagrams of velocities and accelerations) of lateral movement of the screen at roll of the combine.
We can obtain the necessary laws (diagrams) of lateral movement of the screen at the roll of the combine on the basis of the cam mechanism. A cam device is one of the solutions to solve the abovementioned problem [15] . Table 2 Estimated values of kinematic mode of equalizer of heap layer for harvesting wheat and lateral roll harvester Figure 4 shows graphs of dependence of the values of the kinematic mode of equalizer of the heap layer ε on the angle of lateral pitch α during peas, oats and wheat harvesting. The analysis of the graphs presents that when harvesting wheat the angle of the lateral pitch α increases from 0 % to 4 % and it has almost no effect on the value of the index of the kinematic mode of vibration of the sieve ε , increases from 1.00 to 1.09. Fig. 4 . Graphs of dependence of kinematic mode of equalizer of heap layer on angle of roll at harvest of peas, oats, wheat: 1, 3, 5 -minimum values of indicators of the kinematic mode of equalizer, respectively, peas, oats, wheat; Graphs 2, 4, 6 of dependence ε = f (α), respectively, of peas, oats, wheat
But it is required to increase the value of the kinematic mode of the sieve vibrations to a value ε = 1.25, when the rolling value is 5 %.
A further increase of the roll from 10 % to 20 % requires an increase in the index of the kinematic mode of vibration of the sieve from 1.60 to 4.37. The calculations show that an increase in the roll from 20 % to 25 % requires a change in the direction of acceleration to the contrary, which is equal to an average of 0.41 for a given coefficient of friction on steel of millet. When harvesting oats, the increase of roll over 20 % requires a change in the direction of acceleration to the contrary, but this method does not provide the alignment of the layer on the screen and sieve, because of the dynamic coefficient of friction of millet on the steel surface, which is equal to an average of 0.41.
Conclusions
1. The accepted working hypothesis for the study of kinematics and dynamics of the process allows determining the main structural and technological parameters of the cam gear for equalizing the density of the linear distribution of the grain heap across the width of the riddle and the screens. 2. By increasing the lateral pitch of the harvester a gradual redistribution occurs of the grain heap down for cleaning on the roll with the linear distribution density type A to type B, then to type C, then to type D, depending on the magnitude of the roll angle. 3. Alignment of the linear density of distribution with rolls of more than 3 % is achieved by the joint movement of the pile with the roar when moving up the list and sliding of the sieve relative to the pile down the list, provided by the cam gear, which allows to obtain the necessary kinematic modes of operation ε, for example, when harvesting wheat or oats: from the value of ε = 1.24 at a list of 5 % -to ε = 4.37 at a list of 20 %. The intensity of the combine when the list 5 % increases by 17 % and when 10 % -to 37 %. 4. The limiting values of the list to obtain the required kinematic operation mode ε to align the linear distribution density depend on the physical and mechanical properties of the ccrop, so, when harvesting peas, this is a list of 5 % with ε = 1.23.
